Unravelling Spinal Circuits of Pain and Mechanical Allodynia  by Gangadharan, Vijayan & Kuner, Rohini
Neuron
PreviewsUnravelling Spinal Circuits
of Pain and Mechanical AllodyniaVijayan Gangadharan1 and Rohini Kuner1,*
1Pharmacology Institute, Medical Faculty Heidelberg, Heidelberg University, Im Neuenheimer Feld 366, 69120 Heidelberg, Germany
*Correspondence: rohini.kuner@pharma.uni-heidelberg.de
http://dx.doi.org/10.1016/j.neuron.2015.08.013
How do spinal circuits mediating tactile sensation and pain get entangled to evoke allodynia, i.e., pain sensa-
tion, in response to a normally innocuous stimulus? Recent breakthroughs are now closing this long-stand-
ing, critical gap. VGLUT3-expressing neurons and their polysynaptic connectivity to calretinin-expressing
neurons are now identified as key determinants of the spinal circuitry underlying mechanical allodynia.Nature has created a strict delineation in
our perception of light, innocuous touch
and noxious, pain-evoking stimuli. Ima-
gine if you were to feel pain upon the
faintest of innocuous brush or touch.
This disorder, termed allodynia, is exactly
what chronic pain patients experience,
particularly when it comes to chronic
neuropathic pain, which is frequently ther-
apy-resistant. It is not surprising therefore
that the quest for the cause of allodynia
has been one of the leading scientific
questions for decades. Despite remark-
able progress in our understanding of
molecular mediators that govern activity
across nociceptive pathways, the identity
of cell types and circuits mediating allody-
nia has evaded clarification.
There is broad consensus that mecha-
nisms underlying allodynia must operate
at the level of functional reorganization
of circuits, since pathways mediating
touch and pain are segregated under
normal physiological conditions (Figure 1,
top). The spinal dorsal horn consists of
morphologically and molecularly het-
erogeneous populations of neurons that
receive, process, and transmit sensory
information from periphery to the brain.
C- and Ad-type peripheral nerve fibers
transmit nociceptive signals to neurons
in spinal lamina I and II, whereas Ab-type
fibers, predominantly signaling innoc-
uous touch, give input to both excitatory
and inhibitory neurons in deeper spinal
laminae, particularly lamina III (Figure 1,
top). What, then, disrupts this segregated
assembly to cause allodynia? While it
is highly conceivable that these circuits
structurally reorganize and reassemble
as chronic pain progresses, it is known
that allodynia can be evoked in healthyhumans or rodents acutely by pharma-
cologically interfering with endogenous
inhibitory control, i.e., too rapidly to ac-
count for structural remodeling. This sug-
gests that pathways that link circuits
mediating touch and pain are structur-
ally already in place, but are masked by
inhibition under physiological conditions.
Indeed, strong evidence for this link was
given by electrophysiological analyses
in a landmark study by MacDermott and
colleagues (Torsney and MacDermott,
2006). While recent studies have helped
understand the consequences of loss of
gating via glycinergic neurons (Foster
et al., 2015) or the benefits of enhancing
inhibitory control by exogenously instilling
precursors of GABAergic interneurons in
the spinal cord (Bra´z et al., 2012), the
nature of the circuits and molecular iden-
tities of neurons that cross-connect path-
ways mediating touch and pain have
remained unknown.
Very recently, thisfieldhasprogressed in
leaps and bounds fostered by advances in
mouse genetics, identification of markers
for neuronal subtypes, and pharmacoge-
netics. Indeed, very recently, two seminal
studies have unmasked the nature of spi-
nal circuits mediating mechanical pain
and mechanical allodynia (Duan et al.,
2014; Peirs et al., 2015, in this issue).
Duan et al. (2014) reported the identity
of neurons receiving Ab-fiber inputs in
laminae II to be excitatory interneurons ex-
pressing somatostatin (SOM+ve neurons)
that are structurally connected to projec-
tion neurons in lamina I, which then go on
to transmit themessage of ‘‘pain’’ to higher
centers in the brain. Intriguingly, these
SOM+ve neurons are held in check under
physiological conditions by inhibitory neu-Neuron 87rons expressing dynorphin (Dyn+ve neu-
rons) in lamina II, which receive inputs
from Ab-fibers simultaneously as SOM+ve
neurons, resulting in closing of the gate
on the circuit linking touch and pain
(Figure 1, bottom). While these findings
provided key insights, one aspect that
remained puzzling is that a majority of
Ab-fiber inputsactually terminate indeeper
laminae, e.g., lamina III, rather than in the
superficial laminae I and II, indicating that
certain important elements of the allodynia
circuit were yet to be uncovered.
A study published in this issue by Re-
becca Seal and colleagues (Peirs et al.,
2015) now fills this critical gap and un-
masks the molecular identity of lamina III
neurons receiving direct Ab-fiber inputs
to be neurons expressing the glutama-
tergic transporter, VGLUT3 (Figure 1, bot-
tom). The premise of the study was an
observation that Seal and colleagues
made a few years earlier (Seal et al.,
2009), namely that mice lacking VGLUT3
are markedly impaired in their ability to
develop mechanical allodynia and also
show reduced sensing of mechanical
pain. The authors correctly followed the
maxim that uncovering the cell type to
which this key phenotypic consequence
can be attributed would lead the way
to unraveling the circuit for mechanical
allodynia. The present study represents a
veritable tour de force in the elegant use
of conditional gene deletion and sys-
tematic behavioral phenotyping coupled
with modern methods of cell silencing
as well as circuit mapping. The beauty of
the approach is that the corresponding
genetically encoded pharmacogenetic
tools and tracers, respectively, targeted
to specific cell types using an arsenal of, August 19, 2015 ª2015 Elsevier Inc. 673
Figure 1. The Conundrum of Allodynia
Top: How do pathways mediating tactile sensation and pain interact to pro-
duce allodynia? Bottom: A model of circuits mediating mechanically evoked
pain and mechanical allodynia, based on results reported in Peirs et al.,
2015 and Duan et al., 2014. PN, projection neurons; V, vertical cells; VGLUT3,
vesicular glutamate transporter type 3; SOM, somatostatin; EX, excitatory
neuron; IN, inhibitory neuron; Dyn, dynorphin; PKCg, protein kinase C g; CR,
calretinin.
Neuron
PreviewsspecificCre-driver lines (over-
view in Table 1). The first
key finding revealed by the
use of SNS-Cre, Advillin-Cre,
KRT14-Cre, and Hoxb8-Cre
mice was that the loss of
VGLUT3 expression in the
spinal cord, but in not periph-
eral sensory neurons, Merkel
cells, or the brain, determines
the loss of mechanical allody-
nia. Subsequently, within the
spinal cord, the use of the
Lbx1-Cre and Tlx3-Cre lines
further narrowed down the
locus to excitatory interneu-
rons in the spinal dorsal horn.
Deleting VGLUT3 in these
neuronspractically abrogated
neuropathic or post-inflam-
matory mechanical allodynia
specifically, leaving the ther-
mal modality of nociception
unaffected. These behavioral
observations were supported
by an elegant in vitro electro-
physiology-based assay for
studying allodynia, initially
described by MacDermott
and colleagues (Torsney and
MacDermott, 2006). Surpris-
ingly, acute physiological
pain caused by high-intensity
mechanical stimuli was alsoreduced in these mice, although not as
strongly as with the deletion of SOM+ve
population neurons in the superficial spi-
nal cord that was reported by Duan et al.
(2014) (Figure 1, bottom).
The authors then went on to address
several questions that arose from their
intriguing findings. What is the identity
and nature of VGLUT3+ve cells in lamina
III? Which types of peripheral fiber inputs
do they receive? Which spinal neurons
do they project to, and what is their
precise location and role in the chain of
events leading to mechanical allodynia?
Further use of genetic strategies and re-
porter mice for tracing lineage revealed
that neurons of the Lbx1 lineage in lamina
III, which are distinct from SOM+ve
neurons in lamina II, express VGLUT3
transiently during early postnatal devel-
opmental stages. These neurons receive
monosynaptic Ab inputs to a large extent,
but also some polysynaptic Ad input and a
small degree of polysynaptic C-fiber in-674 Neuron 87, August 19, 2015 ª2015 Elsevputs, explaining functional links to both
allodynia and acute mechanical pain.
The authors then directed an anterograde
tracer to VGLUT3+ve in lamina III neurons,
namely wheat germ agglutinin (WGA),
which can jump trans-synaptically from
one neuron to another sequentially over
several synapses in a time-dependent
manner. Time-chase labeling suggested
that VGLUT3+ve neurons are directly
connected to vertical cells in lamina IIo
(denoted ‘‘V’’ in Figure 1, bottom) and
other excitatory neurons in lamina III and
IV, and via these make indirect connec-
tions to cells expressing PKCg (PKCg+ve),
the adult calretinin-expressing population
(CR+ve), and inhibitory neurons in lamina II
and III (Figure 1, bottom).
At this juncture, it is crucial to work
out whether VGLUT3 protein as such is
required for the development of mechani-
cal allodynia or whether it is the functional
nature of the VGLUT3+ve neuron that im-
parts the ability to develop mechanicalier Inc.allodynia. The study yielded
stronger evidence for the latter
scenario. Pharmacogenomi-
cally activating VGLUT3+ve
neurons in lamina III directly,
using an excitatory Designer
Receptor Activated by
Designer Drug (DREADD) in a
non-invasive and reversible
manner, markedly decreased
the threshold of withdrawal
response to mechanical stim-
ulation of the paw, indicating
mechanical allodynia; these
mice also exhibited paw lift-
ing and guarding behavior.
This is a key finding because
it indicates that activating
VGLUT3+ve neurons is suffi-
cient to drive activity of the
downstream circuit that cul-
minates into mechanical allo-
dynia. What is the identity of
this circuit? Functional label-
ing analyses in these mice
using cFOS, a surrogate
marker for neuronal activation,
revealed that direct stimu-
lation of the VGLUT3+ve popu-
lation, in combination with
walking, induced activity in
21% of PKCg+ve neurons,
28% of CR+ve neurons, and
14% of Pax2+ve (inhibitory)neurons as well as other excitatory inter-
neurons in lamina III. Of these, the authors
focused onCR+ve neurons, which is a pop-
ulation found in lamina II of adult mice and
is distinct from Lbx1 lineage. Activating
CR+ve neurons specifically by directing
DREADD expression to this population in
CR-Cre mice mimicked the phenotypic
consequence of activating VGLUT3+ve
neurons, i.e., mechanical allodynia and
paw guarding behavior, without affecting
thermal sensitivity.
Finally, the authors have observed
some differences in cFOS activation
profiles of VGLUT3-target neurons in
conditions of inflammatory versus
neuropathic pain versus nerve injury
model. While the concept is very inter-
esting and conceivable, the data indi-
cate small differences in activation
profiles of different populations involved
and, given especially that they origi-
nate from DREADD-based stimulation
of only a subpopulation of VGLUT3+ve
Table 1. Overview of Cre Driver Lines that Enable Systematic Analyses of Specific Cell
Populations in the Pain and Allodynia Circuitry
Mouse Lines Enable Manipulations In
CMV-Cre All tissues, including germ cells
Hoxb8-Cre All neurons in spinal cord but not in brain
Lbx1-Cre Spinal dorsal horn neurons, not in brain and DRG
Tlx3-Cre Only in excitatory neurons of the spinal cord
SNS-Cre Nociceptive neurons of the DRG and trigeminal ganglion
Advillin-Cre All neurons of DRG and trigeminal ganglion
KRT14-Cre Keratinocytes and Merkel cells
CR-Cre Lamina II neurons of spinal dorsal horn, DRG, and brain
Vglut3-Cre All cells of Vglut3 lineage over development (e.g., lamina III
neurons of spinal dorsal horn) and cells expressing VGLUT3 in
adult life (e.g., C-LTMRs in the DRG) and brain
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Previewscells, merit a cautious interpretation and
further validation.
In summary, this seminal work has
identified VGLUT3+ve neurons and their
polysynaptic connectivity to CR+ve neu-
rons as key determinants of mechanical
allodynia. While this represents a signifi-
cant advance in our understanding of
the spinal circuitry mediating allodynia
and mechanically evoked pain, it also
raises several new questions. At the
forefront, it remains unclear how the two
apparently distinct circuits described by
Duan et al. (2014) and Peirs et al. (2015),
originating in lamina II and lamina III,
respectively, come together to yield allo-
dynia. Given the identical requirement
of each population for mechanical allody-
nia, cross-talk between these circuits and
convergence on common elements is
likely, if not obligatory. For example, it is
conceivable that vertical cells in lamina
II, which were reported by Peirs et al.
(2015) to directly receive inputs from the
VGLUT3+ve population, are identical to
the SOM+ve neurons described by Duan
et al. (2014). Moreover, VGLUT3+ve and
SOM+ve populations show partial overlap
with the PKCg+ve population, but it is not
clear whether VGLUT3+ve and SOM+ve
populations overlap. Similarly, how
CR+ve and PKCg+ve populations interact
with each other and whether they are
connected through inhibitory neurons
is unclear. Anterograde and retrogradetracing of afferent-efferent connectivity
on to the CR+ve population would give a
better understanding of where exactly
they are positioned in the circuitry and
how they putatively convey information
regarding innocuous touch onto pain-
specific projection neurons in lamina I.
While this study has uncovered several
highly interesting characteristics of the
VGLUT3+ve cell population in the spinal
cord, more work will be needed in future
studies to pinpoint the precise functional
connectivity. In particular, given that allo-
dynia does not come about in physiolog-
ical (naive) conditions, it follows that the
VGLUT3+ve population is normally under
strong inhibitory control. What is the
identity of inhibitory neurons that control
the activity of VGLUT3+ve neurons, and
how is this circuit reconciled with current
knowledge on the placement and role
of GABAergic and glycinergic inhibitory
interneurons? Retrograde tracing studies
will be very helpful in this regard.
Further studies are also required to
delineate and differentially understand
the functional role of VGLUT3+ve cell
population versus VGLUT3 protein in
modulating the sensitivity to painful and
innocuous mechanical inputs. Comple-
menting studies on artificial activation of
cell populations with studies in which
these cell populations are ablated, or bet-
ter still, reversibly and selectively silenced
in post-developmental stages via imple-Neuron 87mentation of inhibitory DREADDs or
optogenetic approaches in adult mice,
would be helpful. Finally, this study has
clarified that VGLUT3 expression in
C-low threshold mechanoceptors, the
only cell population of the peripheral
afferent-spinal cord circuitry in which
VGLUT3 expression is preserved in adult
mice, is not required for mechanical allo-
dynia. However, it is important to note
that this does not negate the potential
importance of this interesting population
of peripheral sensory neurons in propa-
gating pain and allodynia under patholog-
ical pain conditions.
Taken together, there is much excite-
ment about recent breakthroughs in our
understanding of a clinical problem that
has long evaded therapy, and the field is
on an excellent path toward solving the
puzzle of neuropathic allodynia.ACKNOWLEDGMENTS
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